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Statement of Disclaimer
Since this project is a result of a class assignment, it has been graded and accepted as fulfillment of the
course requirements. Acceptance does not imply technical accuracy or reliability. Any use of information
in this report is done at the risk of the user. These risks may include catastrophic failure of the device or
infringement of patent or copyright laws. California Polytechnic State University at San Luis Obispo and
its staff cannot be held liable for any use or misuse of the project.
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Introduction
The Ply2 senior project group was formed with the
intent to develop a better drape-forming process for the
out of autoclave (OOA) processing of pre-preg carbon
fiber. The current practice in industry involves forming the
pre-preg layers of thick carbon fiber parts over molds one
layer at a time by hand. This is due to the fact that prepreg carbon fiber is tacky and the different layers of fabric
stick together. When multiple fabric layers are draped
around a form, the outer-most layers must cover a larger
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Figure 1. Ply senior project group (from left to
right), Brian Miller, Adam Johnson, Will Schlosser

area than the inner most layers. Due to this difference in layer size and because of their tendency to
stick together, forming multiple layers at once often leads to voids or fabric buckling. These irregularities
weaken the final product and are avoided by using the more time consuming but easier to control layerby-layer forming method.
The sponsor of the Ply2 senior project group is Quatro Composites. They desire a prototype
machine which will automate and overcome the difficulties of drape forming multiple pre-preg sheets at
once. The goal of this project is to build a prototype machine that will form multiple sheets of debulked
pre-preg OOA carbon fiber into a 2-foot long trapezoidal shape. The machine needs to do this process
semi-automatically. Quatro Composites will then use this prototype machine and scale it to manufacture
full size parts.
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Background
Two main methods are used to create a carbon part once it has been laid-up. The first and
standard process to create a part out of pre-preg carbon fiber requires two main ingredients for a
successful cure; pressure and heat. In this process the completed pre-preg stack is sealed in an airtight
bag and a pump is used to suck air out; essentially creating a vacuum. The vacuum compresses the prepreg stack into a single part while hopefully creating a minimum amount of voids and wrinkles between
the layers. An autoclave is then used to give an even greater amount of heat and pressure resulting in a
high quality part. However, an autoclave is only used when high quality is crucial since they tend to be
costly and can limit the overall part size.
The second method used to create parts out of pre-preg involves out of autoclave (OOA) prepreg. This method uses less heat than is normally required for standard carbon fiber pre-preg. This
removes what tends to be the expensive and size limiting factor of the autoclave. OOA pre-preg is cured
by heated molds and/or infrared heaters at around 250°F. The part is still compressed under a vacuum
bagged mold which conforms and compresses the pre-preg sheets to remove voids. The trapezoidal
beam that Quatro Composites requires will be made of OOA pre-preg.

Hot Drape Forming
Hot drape forming is a method for making
out of autoclave pre-preg parts. Laminate
Technologies, a leader in this field, sells hot drape
forming machines with starting prices of 10,000
pounds4. The method that they use employs a
vacuum press to form the pre-preg stacks to the
mold and a heating element that cures the part.
The stack of pre-preg carbon cloth and
unidirectional fibers are debulked while lying flat in
a vacuum press. This initial step removes most of

Figure 2. Hot Drape forming Process

the air from between the plies of carbon and creates a lay-up with minimum voids.
The mold is placed on the vacuum press next and the lay-up of pre-preg is placed on top of the
mold. Release cloth is placed on top of the lay-up to prevent it from sticking to the elastic membrane of
the vacuum press. Either release cloth or release wax is applied to the mold beneath the part to prevent
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it from sticking to the mold. The thin elastic membrane of the vacuum press is then set over the mold
and part. The heating element is placed over the vacuum press and is turned on. The heating element
heats up the part and mold to a set temperature at which the resin becomes fluid and the part can cure.
In the case of this senior project, that temperature is around 150°F. This unusually low temperature was
chosen because for this project, the forming process is not meant to cure the part, only to form it. The
part must remain uncured because a base section will later be attached to the trapezoidal shape and the
finalized part will be cured in an autoclave.
In the hot drape forming process, once the set temperature is reached, the vacuum pressure is
applied. The heating element stays on for the duration of time that it takes the vacuum to reach full
pressure of around 29 inches of mercury. Once full vacuum is reached, everything is shut off and the
part is removed once it has cooled. The hot drape forming process is normally used to form and cure
parts completely, but as was mentioned earlier this project requires a lower temperature to prevent full
curing from occurring.

Ply-by-Ply Drape Forming
Ply-by-ply drape forming is the
method of drape forming currently
employed by Quatro Composites. Workers
individually stack each layer of preimpregnated carbon fiber over a male or
female mold. Each layer must be carefully
laid down and smoothed so as to prevent

Figure 3. Ply-by-Ply Drape forming, laying up one ply

fabric bunching and/or voids. The benefit
to this process is that it doesn’t require any upfront machinery costs. It also can be cost-efficient if only a
small number parts needs to be made. With an experienced worker, a nearly limitless number of shapes,
layers and layups can be formed with this process.
Ply2 is designing a machine and process to replace ply-by-ply drape forming mainly due to the
fact that its cycle time is so slow. Laying up each individual layer can lead to long lead time in between
finished parts that can result in lost contracts especially when the contract is for a large quantity of
parts.
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Objectives
The goals of this project are to design, build, and test a drape forming machine. The machine
will mechanically drape multiple pre-preg carbon layers simultaneously, and shape them into a
trapezoidal beam. This machine is meant to achieve labor savings and quality improvement goals when
compared with the ply-by-ply manufacturing process.
Figure 4 demonstrates
the common and significant
issues encountered when forming
a stack of multiple layers of prepreg at once. At the top of Figure
4, a simplified cross section of the
unformed, de-bulked layup is
represented by four horizontal
lines. Properly forming or bending
the part over the mold will result
in the uniform profile shown on
the left of Figure 4. Notice how
the edges of the layers at bottom

Figure 4. Characteristic non-uniformities from bending multiple pre-preg layers

of the part align, and how the layers at the bend are smooth and evenly spaced. These characteristics of
the final part are necessary for maintaining structural integrity and thus must be achieved by the final
machine Ply2 designs.
One of the prevailing complications when attempting this process is buckling, as shown in the
middle picture of Figure 4. Buckling occurs when the inner layers of a part fold in on each other at a
bend. This happens when slippage between the inner layers is not substantial enough to account for the
extra layer length required by the outer layers around a bend. The illustration on the right of Figure 4
demonstrates another consequence of excess shear stress along the side of a part. At the bend, the
inner layers are compressed and the outer layers are stretched such that the part is thinner at its corner.
Additionally, the layers have not slipped enough along the side of the part, and the edge profile is
uneven.
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The knowledge gained from independent research and from interactions with Quatro
Composites has formed a framework on which the engineering specifications from the drape forming
machine can be built. Table 1 represents the overall engineering specifications and the rationale used to
derive them. Appendix-XVIV details the specifications that we were able to achieve and those that we
weren’t.
Table 1. Engineering Specifications

Customer Requirement
Trapezoidal Shape

Derived Engineering Specifications




A cross section of the final trapezoidal part is shown in Appendix XIV.
Our machine must form the top and two sides of this shape, as well as a
¾” skirt which will be bent after the forming process and overlapped
onto the bottom surface edges of the trapezoid
This shape regulates the male or female mold profile which will be used
by the machine.

Part Lay-up



Initial project requirements were founded around the formation of the
trapezoidal part which has a 15 layer lay-up consisting of mostly weave
layers by volume. This layup is detailed in Table 2. After the first stages
of testing revealed that heating the part and applying conventional
vacuum bagging methods were adequate to achieve a properly formed
part, the part lay-up requirements were modified. Quatro requested
that the machine now form a 0.3” part with a single surface layer of
weave and unidirectional fabric making up the rest of the part thickness,
running perpendicular to the length of the part.

Scalable



To make this senior project more achievable and with less risk, Quatro
Composites has requested a machine that makes parts shorter than
those they manufacture and sell to customers. Their expectation is that
once the project is completed, they can practice making parts with the
machine and gain experience with it. Then, Quatro will either lengthen
the machine (preferable) or remake a longer version of it. In this
manner, the machine made must be scalable such that its functional
design can be lengthened or duplicated to manufacture the full scale 8’
long trapezoidal part.
An initial 2’ part length was assigned to be formed by this machine
though Quatro has expressed leniency towards a machine what forms
only a 1’ long part
Though not required, consideration for manufacturing parts with larger
cross sections should also be made.



Adaptable



The hat-shaped trapezoidal part the machine must drape form was
chosen for multiple reasons. First, Quatro expects to manufacture a lot
of these parts. They have knowledge and experience manufacturing this
part, which will be beneficial when considering design and feasibility. An
improvement in manufacturing time will also benefit Quatro
Composites more for this part than for their lesser ordered products.
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Achieve minimum voids




Achieve minimum
bunching




Achieve minimum
unraveling of fabric




Safe to operate






Simple operation



Secondly, the trapezoidal beam is a generic shape. This shape is meant
to be representative of the structural beams Quatro might make for a
fuselage. Because of its symmetry, size, and angled sides, the challenges
faced in its drape forming process are similar or equal to the other
shapes Quatro might adapt this machine to. By finding solutions to
problems with the trapezoidal beam Quatro Composites hopes to apply
those solutions to other shapes.
The machine must be designed to accommodate for or be adapted to
handle different cross sections. For example, while the part being
designed is an angled trapezoid with a two sided pull, the machine
should be able to be modified to manufacture a 90 degree angle bracket
with a one sided pull. All possible cross sections are expected to be just
as or simpler than a trapezoidal shape.
Voids between layers of fabric reduce the structural integrity of the final
product and should be avoided. Proper application of force, pressure,
and heat can reduce the occurrence of voids though eliminating all
voids is nearly impossible.
This machine shall result in as many or fewer voids in the final product
than the comparable ply-by-ply process.
Bunching, affects the structural properties of the fabric in an
uncontrolled way. By controlling layers individually, bunching is virtually
eliminated during the ply-by-ply process.
This machine shall result in no greater bunching in the final product
than the comparable ply-by-ply process. This means no buching should
be visible by inspection of the formed part.
Since unidirectional fabric can easily separate perpendicular to their
direction, the machine should not apply forces to the material such that
the layers are separated. Cross-sectional thickness can be measured to
ensure pinching or unraveling has not significantly reduced structural
integrity of the part. Uniform part thickness to within 5% shall be
required along the profile of the part, especially at the critical corner
section.
Fabric edges should not be handled excessively such that they become
unraveled or cannot be trimmed as necessary.
This machine will ultimately be placed in the clean room at Quatro’s
Iowa location and operated by skilled workers. Design and precautions
must be made to reduce the chance of injury to workers
The heating system shall be enclosed such that surfaces that may burn
workers are out of reach within normal operation or are clearly labeled
with a hot surface warning.
Moving components shall be designed and mounted to reduce the
chances of catching fingers or clothes.
An instruction manual shall be developed to explain safe operation of
the machine.
The machine should be designed such that loading, operating, and
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requirements



Requires minimal
maintenance

Cost



unloading requires no more than two people.
The machine will help achieve an overall labor savings of at least 60%.
Ergonomics, ease of use, and repairs should be considered and
incorporated into design.
The machine will be safe to operate.



Materials and surfaces shall be chosen to maintain their function and be
easily cleanable.
Any components expected to experience significant wear should be
easily accessible and inexpensive to replace.



The goal is to produce this device for under $2000 if possible.
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Testing
There are four main areas of concern when making the part. They are an uneven outermost
layer (called “the money ply”), voids in between plies, compression of the fabric, and buckling of the
inside layers. Most of these defects occur at the corners of the part where it bends around the mold. A
great deal of value is placed on the money ply, or the outer visible ply later. If the money layer does not
look good, such as with the presence of buckling or with the misalignment of weave, the integrity of the
layers underneath are subsequently called into question. The outer layer carries a small fraction of the
load on the part but because it is visible, its appearance is important. If adequate slipping does not occur
between the outer layers, the money ply will stretch out and potentially cause voids.
Voids, compression in the corners, and buckling on the inside layers are more important than
the appearance of the outside layer because their presence contributes directly to a loss of strength in
the part and its potential failure. Quatro is required to have less than 1% void content on the parts that
they produce for aerospace applications but they are not holding the part produced for this project to
that high standard. A visual inspection of the cross-section of the finish part to check for voids and
buckling is all that is required. It is difficult to check the part that will be made for this senior project for
voids and buckling because the part is never fully cured. Normally a cured part is cut with a blade and its
smooth cross section is examined. If the uncured part is cut, the plies would deform and tear under the
blade of the cutting instrument, making it difficult to determine its void content and to see if buckling
has occurred.
The trapezoidal part Ply2 will form is composed of fifteen layers of carbon fiber. Of those layers,
nine of them are plain weave and six of them are unidirectional fiber. The lay-up schedule and the
orientation of the plies are shown in Table 2. Different lay-ups schedules with different overall
thicknesses were also tested to prove that the final design could accommodate much more difficult layup schedules. Lay-ups with uni running perpendicular to the direction of the fold are much more difficult
to form than uni running in parallel. Thicker pre-preg stacks are also more difficult to form than thinner
stacks. Alternative lay-ups were used to test the additional capabilities of the machine.
Two rounds of testing were conducted. The first, proof of concept testing was done to
determine if the chosen design would work. This was done with small-scale parts and on a wooden mold
in a large oven. After the final design was constructed, final design testing was done to determine if the
machine could drape the larger-scale parts required by Quatro.
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Table 2. Lay-up schedule

LAYER # PLY # SEQ/STEP MATERIAL WEAVE

THICKNESS (IN.)

ORIENTATION (°)

1

A005

5

PMCF0046

PLAIN

0.015

0

2

A010a

10

PMCF0046

PLAIN

0.015

45

3

A010b

10

PMCF0046

PLAIN

0.015

45

4

A015

35

PMCF0046

PLAIN

0.015

0

5

A020

40

PMCF0001

UNI

0.005

45

6

A025

45

PMCF0046

PLAIN

0.015

0

7

A030

50

PMCF0001

UNI

0.005

0

8

A040

60

PMCF0001

UNI

0.005

0

9

A050

70

PMCF0001

UNI

0.005

0

10

A060

80

PMCF0001

UNI

0.005

0

11

A065

85

PMCF0046

PLAIN

0.015

0

12

A070

90

PMCF0001

UNI

0.005

45

13

A075

95

PMCF0046

PLAIN

0.015

0

14

A080a

100

PMCF0046

PLAIN

0.015

45

15

A080b

100

PMCF0046

PLAIN

0.015

45

Proof of Concept Testing
Vacuum Forming Test
Ply2 developed two different experiments for testing the viability of the two concepts developed
earlier in this report. The first of these experiments is the vacuum forming test, which tests the viability
of the vacuum forming concept. A short section of the mold is mocked up and set so the top of the mold
is flush with the top of a shallow box. A cross-section of the mold is show in Error! Reference source not
ound..
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Figure 5. Vaccum forming test cross section

The rim of the box is lined with sealant tape
and a stretchable vacuum bag is set along the tape. A
top view of the experiment is shown in Figure 6.
Narrow coupons of the pre-preg lay-ups are heated up
to 150°F in an oven while on the mold and then the
vacuum is applied. The setup is then removed from the
oven and allowed to cool, while vacuum pressure is
maintained. This experiment replicates the three
stages described in the vacuum forming concept. A top
view of this experiment including the placement of the
coupons is shown in Figure 6. After the coupons are
cooled to room temperature, they are taken from the

Figure 6. Vacuum forming test top view

mold and the edges of the coupons are examined to
check for voids and buckling. The visual appearance of the money ply is also inspected to see if there is
any distortion. The experiment is then repeated at temperatures higher and lower than 150°F to test the
effect of temperature variation on the bending of the part.
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Trap-Door Addition
This test utilizes a trap-door type mechanism as
seen in Figure 7 to simulate the effects that the S-shape
forming process has on the part. This test is performed
identically to the vacuum forming test except with the
inclusion of the mechanical trap door. The main difference
is that while the vacuum is pulled a spring loaded trapdoor drops with the part and supports the end of the part
in an S-shape. This test accounted for all potential designs
that used a vacuum bag and S-shape forming process.
Squeegee Test

Figure 7. Trap-door addition

The squeegee test involves using a squeegee to recreate and quantify the force required to
bend the pre-preg layers. In this experiment, the pre-preg was placed on top of a male trapezoidal mold
(the same mold as used for the vacuum forming test) and heated to 150⁰F in the oven to mimic the
temperature that it will be formed at during operation. Then one group member held a piece of
plywood beneath the part to create the S-shape support while the other used a squeegee to bend the
part in to the S-shape and down the side of the mold. The
force administered was rated by the testers on a scale of 1-10
with 0 representing a part that bent without any force and 10
representing a part that required an excessive amount of
force.
Proof of Concept Testing Problems
During the testing process Ply2 ran into many

Figure 8. Tearing of vacuum bag

problems. When the vacuum was initially run the silicone
vacuum bag material (EL 1040T rubber) that was used ripped;
as can be seen in Figure 8. To solve this problem, large pleats
were placed at critical points around the seam, which helped
to alleviate the stress on the bag. For a critical location on the
mold where pleats alone could not prevent the silicone bag
from ripping or deforming, additional wooden pieces were
added to eliminate any sharp edges and corners. For the final
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Figure 9. Bunching due to excess peel ply

design a silicone material commonly used for re-usable vacuum bags is being considered for the bag
material. It can stretch to nearly 1500% of its original length and is much less prone to deformation than
the current bag material.
In some of the tests the peel ply used to separate the carbon fiber from the mold stuck to the
carbon fiber. This prevented the bottom carbon fiber layers from slipping resulting in bunching as can be
seen in Figure 9. Removing the excess peel ply and replacing it with Teflon sheets remedied the problem
and still allowed for easy removal of the carbon fiber from the mold.
Heating the part also proved to be an issue as even the top layer wasn’t able to achieve the
150⁰F that the group hoped to achieve. This didn’t prove to be an issue as even with temperatures
below this desired temperature the part conformed to the mold with minimal bunching and tearing. A
breakdown of the heating of the part can be seen in Appendix-VII.
Proof of Concept Testing Results
A total of thirteen test sections were tested using the
vacuum test with 6 of those sections being tested using the trap
door addition. Overall, all but three of the test sections conformed
to the male mold without any visible buckling. The buckling that
did occur was attributed to the peel ply issue discussed above and
the tests were re-run without the excess peel-ply and none
buckled. The tests that were run proved that both the standard
vacuum bagging method along with the trap door method can

Figure 10. .2’’ thick partially
formed part

accommodate carbon fiber stacks ranging from .1’’-.3’’ (See Figure 10)
as well as even the most difficult orientation of fabric: uni layered perpendicular to the fold. Complete
testing details can be found in Appendix-VIII.
The squeegee test was also performed on a trapezoidal sample layup. The results from this test
were positive. The force required to conform the part to the S-shape was approximately 2/10 in
difficulty. The finished part had no visible buckling and no distortion of the outer layer, which was an
initial concern.
Interestingly, it was also found that a test section with a lay-up equivalent to the lay-up schedule
initially asked for by Quatro was able to conform to the mold using the trap-door technique without any
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heating element used. However, only one test was run this way before testing supplies ran out so the
validity of this test is questionable.
The edges of the sample pieces were cut as smoothly as possible with a box cutter but forces
from both the blade and from forming deformed the layers and caused the samples to have non-smooth
edges. When the edges were placed under a micrograph and the images were examined, it was
impossible to identify or quantify void content. Thus, visual inspection for void content and buckling was
considered exclusively for testing. Some micrograph photos are shown in Appendix XVI.
Testing also revealed the occurrence of springback. Once the sample coupons were cooled and
removed from the mold, they would slowly “spring back” to approximately a 45 degree bend from their
completely formed 20 degree bend. It is therefore recommended that after the forming process the part
be kept on a mold and secured, for example with tape, until it is needed for final assembly.
The proof of concept testing proved that a design that mimicked the trap door technique
utilized during testing would effectively work in producing a trapezoidal shaped part to Quatro’s
specifications. This provided the group with information that helped them decide on a final design
concept.

Final Design Testing
Once the final design was constructed additional
testing was done to determine if it could effectively drape
form as well as the proof of concept testing apparatuses. It
performed successfully in all tests including being able to
drape form a full scale part (See Figure 11). A more detailed
descriptions of the parts tested can be seen in Appendix-IX.

Figure 11. Full scale .25’’ thick finished
part
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Design Development
During the design phase Ply2 gathered background research on the drape forming process,
noting the different methods and parameters that are currently used to manufacture carbon fiber parts.
The groups initial design concepts from fall quarter can be found in Appendix-IX. These were preliminary
designs that were not based on any testing data or calculated analysis. Instead they represent the initial
ideas on the drape forming process. One of the designs, the vacuum forming mechanism, is still being
considered as a feasible design solution since testing proved that it satisfied the design requirements set
forth by Quatro. However, the issue with this design is that it is identical to a designs already utilized in
industry by Laminate Technologies, and therefore is not a new idea or concept that the team has come
up with. The goal of senior project is to have the students produce new concepts and ideas that reflect
what they have learned throughout the design process and selecting a design that has already been
invented doesn’t really achieve this. After testing was completed it was found that the chosen design
met all specifications along with being a concept not utilized in industry.
Product Realization
The industry standard for making parts like the ones that this senior project makes is to lay up
the individual plies one at a time on a mold and debulking after every couple of layers. This is a time
intensive process and material intensive unless a reusable vacuum bag is used. This process is
mentioned earlier in this report in the background section. The other method that the industry
currently uses is hot drape forming, which this senior project is a derivative of that idea. The hot drape
forming method is also mentioned earlier in the report in this background section. The key difference
between the methods currently employed in industry and this senior project is that the pre-preg parts
are supported throughout the process. The desire to support the part throughout the entire forming
process was a key design consideration and was the major reason that the final design was chosen.
There is only one example of a current industrial process that supports the part throughout the entire
forming process but it utilized pressures in the range of a thousand pounds per square inch to form the
part. This design was able to do that with just half vacuum pressure and a maximum of 60 psi in the
pillow presses, for a maximum pressure difference of 70 psi. The final design that was decided on is the
lifting mold design. This design is one of the simplest methods aside from the hot drape forming
method as it just has two moving parts – the mold and the sliding tables. This method of forming the
part and supporting the part during the process is unique in the industry with only one similar process
that uses extreme pressures to form the part.
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Preliminary Designs
Design 1 –“Guided Tables”
This concept uses tables running on rods angled at 20⁰ (Equivalent to the angle of the mold) to
support the part throughout the forming process. The tables run along the rods through the use of
linear bearing fastened to the tables themselves. The tables will be supported by either air pistons or an
inflatable bag (pillow-press) that raises and lowers the table through the use of air pressure. The part
rests on top of the mold initially and as vacuum pressure is applied, conforms to the mold as pressure is
removed from the pistons or pillow-press at a pre-determined rate. Before and during the forming
process the part will be heated by either an overhead heater or by cartridge heaters mounted in the
moving tables.

Figure 12. Design 1: "Guided Tables" at raised and lowered positions

The benefits of this concept are that it allows for easy heating of the part and provides S-shape
support for the part during the forming process. It also is easy to regulate the rate the tables drop by
using an external pressure regulator. However, there are many inherent problems with this design. Due
to the geometry of the design only a small portion of the silicone bag that is located directly over the
mold cavity will be stretching. The vacuum material covering the dark gray area in Figure 12 would be
the only portion of the bag that is
stretching down into the cavity.
Coupled with the fact that the
vacuum bag must conform to a
reverse curve at the locations where

Figure 123. Side View of “Guided Tables" at lowered position

the tables contact the stringers; it is
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likely the bag will deform or rip during operation. The vacuum bag material also has the potential to
bind to the rods supporting the table. This would prevent them from moving smoothly and could
possibly even prevent the tables from rising.
Another main issue with this design is that when vacuum is applied there will be a force of
approximately 4200 lbs of force on each 36”x 8” table section. It was difficult to find a piston that could
produce anywhere near this amount of force. The maximum force the group found one piston could
produce and still fit in the mold cavity was a 4 in diameter bore piston, which could output 900 lbs.
Placing multiple pistons in the mold cavity would also prove difficult as there is not much space to fit
multiple pistons in this design. A side view showing the space permitted for the air piston can be seen in
Figure 13. For scaling purposes the mold is around 4’’ tall. On top of that, the cost of installing multiple
air pistons would take up a large chunk of the total budget for this project.
Modification
This design is similar to the “Guided Tables” concept mentioned above, but seeks to eliminate
some of its most prominent problems. In this concept the rods were eliminated in favor of recessed

Figure 13. Modified Design 1

guides for the bearing mounted on each plate to run in (See Figure 14) By completely removing the rods,
and therefore any opportunity for the bag material to bind to them, the tables will be able to travel
much more freely throughout their range of motion. This design also uses a formed fiberglass mold
cavity mounted onto an aluminum plate to minimize the required machining and welding. The part will
remain heated by an overhead heat or by cartridge heaters resting within the moving tables.
Despite its improvements, this design still requires the vacuum bag material to conform to a
reverse curve and still requires a piston or pillow press to support the 4200 lb load that the tables must
resist when the system is under full vacuum.
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Dr. Mello’s Design
Our advisor, Dr. Mello, came up with the concept of raising the mold and falling shoulders above
the table surface at their starting position. A half cross sectional view of the Dr. Mello’s design is shown
Figure 15. In this design, the vacuum bag stays out of the trough, reducing the chances of overstretching
or wear on the bag. The part sits on top of the mold until it reaches temperature, and then a vacuum is
pulled. The vacuum bag applies an increasing force to both the top and the outside of the falling
shoulders

Figure 14. Dr. Mello's Design showing springs and rollers

The downward force of the bag is directed onto the springs, which compress at a rate
proportional to the forces created by the vacuum. Compression of the springs causes the falling
shoulders to fall, and the S-shape forming process is achieved down the side of the male mold. The
movement of the springs is guided by spring sleeves. The maximum spring compression length is limited
by the non-overlapping lengths of the paired sleeves.
The horizontal force on the falling shoulders from the bag is accounted for by a rolling support
system. Rolling wheels are mounted to the inside of the falling shoulders. These wheels protrude slightly
from the inside of the falling shoulder and rest on the mold surface. They roll down the side of the mold
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and keep the falling shoulders aligned with its surface. The sleeves are not intended to support this force
and should be designed with adequate tolerance.
It is recommended that springs be chosen such that they drop at a rate significantly less than
having full vacuum at their lowest position. For example, between 0 and 7 psi the shoulders would be
falling and the S-shaped forming process would be achieved. (In testing, the trap door was at its lowest
position by approximately 3psi) Once 7psi was achieved, the falling shoulders would be supported by a
stopper, such as the sleeve ends or otherwise. Then the remaining vacuum would be achieved without
unnecessary forces on the spring system.
The mold surface in this design would have to withstand the rolling forces from the rolling
support system. The mold would also have to be taller, because the rollers would travel beyond the
length of the part along its surface. The trough of this design presents similar design challenges to the
trough found in the “Lifting Mold” design. However, this design requires a larger trough to house the
falling shoulders and springs which have a combined volume larger than the fire hose actuator in the
“Lifting Mold” design.
Backup Design – “Plan B”
This design combines the basic features of a standard
vacuum table with the stringers seen in mold designs by
Laminate Technologies. The basic layout and features of this
design are shown in Figures 16 and 17. With this design, the
part sits on top of the mold until it reaches temperature, and
then a vacuum is pulled. The key feature of this design is that
the bag does not apply a downward force on the part

Figure 16. Backup design isometric view

sides until the vacuum is pulled because it is supported by the stringers (shown in blue). This eliminates
the chance that the part will be bent before it reaches a temperature that eliminates the chances of
buckling. Testing proved that with enough
heat and through use of stringers, a part
could be formed without any noticeable
signs buckling.

Figure 15. Backup design side view

This concept should be very simple to manufacture and implement. This design will serve as a
backup if the team runs out of time near the end of the project. It has proven to be effective at forming
carbon fiber up to .3’’ through testing.
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Final Design
“Lifting Mold”
The third design and the design the group built is composed of a mold that is lifted up through
the plane of the base frame. The design is shown in Figure 19 with the mold in the lowered position and
in Figure 18 with the mold in the raised position. The pre-preg part originally starts out resting flat on
two plates that are level with the top of the trapezoidal mold. The part is then heated up and a vacuum

Figure 17.Raised Mold

Figure 18. Lowered Mold

is applied once the part reaches the desired temperature. While the vacuum is being applied, the mold
starts to lift out of the trough that it rests in and the part forms over the mold. At the same time that
this happens, the two sliding tables on either side of the mold are pushed off to the side as the mold
rises, continuing to support the part until it is resting completely on the mold. This process is shown in
Figure 21. Once the mold is fully extended, the part begins the cool down process where the heating
element is turned off and the part is cooled while still under full vacuum. The heating element that heats
the part is composed of a single tube infrared heater hung between two bars of 8020 aluminum framing
material. The heating element is only twelve inches away from the surface of the part so the heating
assembly needs to be attached and removed from the base structure every time a part is place on the
mold or taken off. The heating system is discussed in more detail later in this report. Appendix XV shows
the initial sketch made by Rob Gamble of Quatro used as a starting point of this design.
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The key feature of this design compared to all the other
previous designs is that it is the mold itself that moves upwards
instead of the tables that support the part. This simplifies the design
by requiring only one pillow press to actuate it instead of the two
needed for the lifting table design. The mold is lifted up by two
pillow presses, a schematic of which can be seen in Appendix-X. The
pillow presses, also known as a fire hose press, is composed of a
round sleeve of fabric with flanges on either end that can be
pressurized with up to 100 psi of air and lift a part a distance of four
inches. Two pillow presses, one resting on top of the other are
required to lift the mold the required distance. One problem with
pillow press is the width and the thickness of the flanges used to seal
the hose. The flange is seven inches wide and almost two inches
thick. This means that the mold that lifts the part out must be seven
inches wide and a space must be included underneath the mold to
accommodate the metal flanges. The pillow presses are slightly
offset so the metal flanges are not resting right on top of one
another.

Figure 20. Molding Process

Figure 19. Mold Design – Side View

The mold also needed to be widened, as it only needs to be four and a half inches wide because
of the geometry of the trapezoid but, due to the seven inch flanges on the pillow press the mold needed
to be seven inches wide. The entire mold is machined out of one block of polytetrafluoroethylene
(PTFE) plastic. The PTFE flanges that are used to cover the extra withs between the mold and the walls
of the trough are used on either side of the long edge of the mold as the bearing surface between the
mold and the trough that it sits in. The mold design that was built is shown in Figure 18 and 19.
This design has a few disadvantages that are inherent in it; the largest potential for problems is
with the sliding table features, but when the machine was run they worked perfectly. The mold forces
the sliding wings to either side as the pillow press pushes the mold above the plane of the mold. There
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was a possibility that the plates will not slide and will deflect up and this was avoided by coating the
sliding tables with a Teflon film on both sides which drastically reduced the friction of the sliding table
on the base. This Teflon film also reduced the amount of friction between the vacuum bag and the
sliding tables. One more thing that this Teflon film did is prevent the resin from the pre-preg from
gumming up the sliding tables over time and sticking to them after the pre-preg has cooled down. An
alternative to the Teflon film could have been to make the sliding plates out of a slippery plastic, such as
PTFE, providing that the plates are strong enough. Steel plates were used because they were a great
deal cheaper than the material needed to make the plastic plates.
One problem with the design is the sliding tables will not move if the sides of the mold are too
steep. This would not be a problem for vertical side molds because the sliding tables can be set at a fixed
distance. For molds with almost horizontal sides, it would be very difficult for the sliding tables to move
out away from the mold as the mold is lifted out of the plane of the table. This is due to the fact that
most of the force that the mold exerts on the sliding tables would be perpendicular to the path of the
sliding tables and would tend to buckle the sliding tables out of plan.
One key design challenge of the lifting mold design is the trough acts like a pressure vessel when
a vacuum is pulled because the vacuum bag is not pressing down inside the trough. The pillow press
rests in the trough but it does not exert a force on the sides of the trough. This aspect of the design is
accounted for later in this report in the form of stress calculations. The material that the table and mold
will be made out of is a low carbon steel that is easy to weld and it can be made relatively thin for the
pressures that it needs to withstand. Aluminum was considered for a material but due to the large loss
of strength that would be incurred from welding the parts together, it was discounted. Composites were
another option and it has a few advantages, namely that welding is unnecessary and there would be no
deflection due to heat affected zones. However consideration of the composite option was abandoned
due to the large expense that it would require to make the mold.
The sliding wings were made out of steel, with stress calculations later in the report. The plates
are guided by plastic rails at either end of the mold, as seen in Figures 18 and 19. As mentioned earlier
in the report, a Teflon film is bonded to the bearing surfaces to reduce the friction on the tables and
permit the plates to move easier. The pillow presses needed a short length of hose to account for the
change in height as the pillow is inflated. About an inch of flexible hose connects the bulkhead throughfitting to a Y-fitting which is then connected to each of the pillows. The through fitting was sealed with
silicone after it is installed. The mold was made out of polytetrafluoroethylene instead of metal in order
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to prevent excess heat absorption into the mold. This will speed up the cool down of the part after the
heat is removed and the part is fully formed under a vacuum. The high density plastic was easy to
machine and generated a good surface finish. The material of the mold also prevented the pre-preg
from sticking to it. The plastic mold also acted as a low friction bearing surface for the sliding tables.
SolidWorks Model of Final Design
The entire design was mocked up
in SolidWorks before anything was
machined. The overall view of the
machines is shown in Figure 22. The mold
is shown in red in the figure and the
heating element which is removed after
the part is done heating and hung
beneath the surface of the table is shown
in yellow. The heater is supported by
metal cabling that is looped through the
two eye-bolts that are screwed into the
top of the two beams mounted on either
end of the mold. The heater is clipped to
the metal cabling with carabineers to
permit easy removal. The entire

Figure 21 - SolidWorks Model of Final Design

assemble is mounted on casters to permit easy transportation around the shop floor. The lid is help
down by two latches also shown in Figure 22. These are only needed until the vacuum is applied and
sucks the lid down against the surface of the table. Figure 23 and 24 show the back and side views of
the machine, respectively. The back view shows the two locking hinges that control the path of the lid.
It is not necessary to use the locking hinges because they are not strong enough to resist the weight of
the lid. The lid, when open, is restrained by a set of chains that prevent the lid from opening too far.
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Figure 233 - Side View of Final Design

Figure 23 - Back View of Final Design

A couple things that are not shown in the SolidWorks model are the gauges for controlling the
pressure to the two pillow presses and the vacuum. They are mounted to a wood board that is in turn
mounted to the beam that supports the heating element. The electrical box, also not shown, that reads
the temperature from the thermocouple is mounted to the horizontal bracing bars beneath the table
top.
Recommendations
There are a number of additions that should be made to future improvements on the prototype
design. The key change that should be made is mechanically fastening the plastic rails that guide the
sliding tables and restrain the mold in order to prevent the mold from breaking the bond between the
plastic rails and the metal table. This problem was encountered during testing when the vacuum
pressure was removed before the air pressure was full released. The mold, still under pressure from the
two pillow presses underneath it, broke the epoxy bond holding the rails to the table and forced the
mold up. Mechanical fastenings would prevent this from happening and would permit the pillow
presses to still be inflated after the vacuum pressure is removed. This would make the removal of the
part from the mold a great deal easier because the mold would not drop back down below the surface
of the table after the part is done forming. As the system is currently set up, the air pressure in the
pillow presses must be fully released before the vacuum can be taken off. Occasionally the lip of the
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sliding tables catches the part and causes it to deform as the mold drops back into the cavity.
Mechanically fastening the rails would make the machine safer, but another way to prevent the mold
from dropping back into the cavity after the air pressure is released is to create a latch mechanism that
prevents the mold form dropping back into the cavity after the air pressure is released. Either or both of
these methods should be utilized on the next version of this machine.
Another change that should be employed on the next iteration of the part is the method that
the heater is used and stored. More tests need to be run to figure out the effect of the silicon vacuum
bag on heating the part. As is, the vacuum bag is lifted off the part to allow the infrared heater direct
line of sight to the part. There was not enough time to test how the silicon bag impedes the heating of
the part but if it is found that the silicon bag does not slow down the heat transfer too much, then the
step of removing the heater before closing the lid can be removed, speeding up the manufacturing time.
The part can instead be placed on the mold and the lid closed and the vacuum applied as the part is
heated up. Once it reaches temperature the pillow presses can be inflated and the heater removed at
the same time. One more method to increase the efficiency of the removal of the heater is the string of
a cable along the underside of the table. The operator can then clip one end of the heater to the cable
and then slide the heater underneath the table until they can clip the other end of the heater to the
cable. This would eliminate the need for the operator to clip the heater underneath the table on one
side and then walk around to the other side to clip the other end.
Maintenance Considerations
When the machine is used, the resin heats up a little and occasionally a little gets on the table or
the silicon bag. This is easily cleaned up using acetone and a rag. The presence of resin is mitigated by
the use of a Kevlar/Teflon film between the pre-preg part and the vacuum bag and another layer
between the pre-preg part and the mold and sliding tables. This Kevlar/Teflon film is key to getting the
part off the mold especially when the part is very long as the part will stick to the plastic mold. It is
possible to remove the part from the mold without the Kevlar/Teflon film but it makes it a great deal
easier and contains the residue from the resin to the film which can be cleaned or disposed of after
every use. The film should be cut to a size just a little larger than the part because if there is extra along
the long edges of the part, it may cause bridging between the part and the table and the part will not
conform to the mold well. Another maintenance consideration is the lifespan of the vacuum bag. The
vacuum bag will experience fatigue after many uses and may require replacement after a period of time.
The manufacture of the vacuum bag should be consulted for an expected lifecycle of vacuum bag.
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Anther maintenance consideration is the fatigue that the steel trough and table experiences from the
vacuum and the two pillow presses. After a period of time, the welds should be inspected for fatigue
but this is unlikely to be a problem due to the low pressures that the system experiences.
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Heating and Cooling
Through testing it was found that the part did not need to be heated up to the 150°F
temperature initially decided on. Even when the bottom layer of the part (The most critical layer as this
is the first layer to bend) was at a temperature of 135°F the part was formed without any buckling or
bunching. Testing with even lower temperatures is being considered to find out the lowest temperature
that can be used to still produce a high quality part.
There were many different heaters that were considered for heating the part before and during
the forming process. Convection heaters were quickly dismissed as they would require the entire mold
and heating element be enclosed. This is because convection heaters work by heating the air which in
turn heats any objects in its path and thus are very susceptible to air drafts.
Another method as previously mentioned, is to heat the part from above with infrared lights.
This is a feasible method since it is the same method Laminate Technologies uses. A reflective and
removable roof or frame containing infrared lights could be mounted above the mold that directs heat
towards the part. Heating coils within the mold were also a feasible option. The heating coils could also
take the form of cartridge heaters within the mold. This method is not ideal as only the middle of the
part is touching the top of the mold and the rest of the part is overhanging. Therefore, this heating
method would have a difficult time heating the entirety of the part as the heat would have to transfer
through the part.
Heating the part on another surface such as on a hot plate and then moving it onto the mold is
another feasible option. This method could only work if the part doesn’t deform when being moved, and
if significant heat loss does not occur between the heating and forming steps. This means that it should
be quick and easy to align the part on the mold and that the mold should be insulating such that heat is
not drawn from the part before the forming process is complete.
Cooling of the mold and part is also critical. A warm part will deform easily when removed from
the mold so designing a system that can actively cool itself is necessary. The cooling process could be
quickened by reducing the thermal reservoir of the mold and overall system. Thus, selecting a mold
material that is an insulator would be most effective at minimizing the mold retaining heat. If such a
system is not adequate for improving cycle time then fans might be used to air cool the mold and part
after the forming process has completed.
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Heating Element Selection
An infrared radiant heater was decided on as
it doesn’t require the part to be insulated during the
heating process and it delivers a high volume of heat
to a localized area. A McMaster-Carr 220/230 VAC,
1300 watt Close-Up Infrared Heater was initially
chosen as it can reach temperatures of up to 1500⁰F
and is ideal for drying curing and/or warming. The
heater also could be continuously operated allowing

Figure 24. McMaster-Carr Long-Distance Infrared Heater

for minimal downtime between forming parts. After
speaking with Quatro, however, it was decided to that the selected heater should be able to plug into a
standard wall outlet and thus requires an input voltage of 110/120 volts. Instead a McMaster-Carr LongDistance Infrared Heater was chosen as it provided a similar power output to the Close-Up Infrared
Heater and operated on 120 volts allowing it to be plugged into a standard wall outlet. A picture of the
chosen heater can be seen in Figure 20 above. The heater is 19’’ long and comes with an extruded
aluminum housing to help focus its infrared rays on a specified area. A more detailed description of the
heater can be seen in Appendix-XII.
The heater will be hung at a distance of 10’’ from the part. This distance allows all areas of the
part to get up to a temperature approaching 150 ᴼF, the temperature optimum forming takes place at.
During operation the lid is lifted up so the heater does not have to heat through the silicone bag
material, as it was found that silicone would not let enough heat pass through it due to its insulating
properties. The temperature also has the ability to be regulated through the use of a temperature
controller. More information regarding the temperature controller can be found in Appendix XII.
Temperature Control Box
An electrical enclosure box, Watlow Series 965 Temperature Controller, and high current relay switch
were provided by Quatro so that the machine could accurately control the heating process. The box was
rewired from its disassembled state to ensure there were no loose cables and that the cables involved
could handle higher currents. During final testing, the temperature controller was utilized as a
thermocouple reader, and not as temperature controller. The thermocouple was placed beneath the
inner ply, and the infrared heater was plugged directly into a wall power source. Both the top and
bottom layers were measured during one run and it was discovered that using full power for the heater
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resulted in a maximum temperature difference between the top and bottom layers of 15ᴼF for a .3”
part. Since initial testing showed that parts could be successfully formed in a larger temperature range
than 15ᴼF, the temperature controller was henceforth only used to ensure the inner and outer layers fell
within this range. Once they did, the heating process could be considered finished and the infrared
heater disconnected from the wall.
If desired by Quatro, further testing and refinement could be performed to utilize the PID controller
built into the temperature controller. A more steady and controlled heating process could be developed,
but it would take longer to heat the top and bottom layers evenly. Figure 26 shows the box components
and its wiring system.

Figure 25. Temperature control box wiring diagram
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Manufacturing
The group initially weighed the difference between welding steel together to construct the mold
or creating it using carbon fiber. The later was abandoned when it was deemed unlikely the group would
be able to obtain the carbon fiber necessary to create this design in a reasonable amount of time.
Calculations were done to decide if the mold trough could be created using aluminum instead of steel to
help cut down on the weight of the apparatus. These calculations can be seen in Table 4.
Table 3. Minimum thickness for pieces of Final Design with a Factor of Safety of 2 incorporated

Bottom Plate

Side Plate

Sliding Tables

Aluminum

1/2

1/2

1/12

Steel

1/4

1/4

1/12

Using these calculations it was decided to make the entire machine out of steel including the
sliding tables, lid, and table. The sliding tables and lid could have been made out of aluminum and still
accommodated the distributed pressure load, however, it was decided that it would be easier to place a
bulk order of steel then one of aluminum and steel. K. Kroll Welding and Design off of Higuera St. in San
Luis Obispo performed all of welding for Ply2 and was a great resource in finding the cheapest steel
materials. A welding company in San Luis Obispo was chosen to cut down on lead times and to allow the
group to ask or answer questions in person with the welder.
All materials were ordered over spring break so construction was able to start at the beginning
of Spring Quarter. The two pillow presses were ordered from Merrimmann Products and the mold was
constructed using polytetrafluoroethylene plastic that Quatro had on hand. The blocks of plastic that
Quatro supplied were glued and bolted together to make a block big enough to machine the mold out
of. A piece of the plastic was cut off and used to make the guide rails for the sliding tables. The machine
shop at Cal Poly, Mustang 60, used the SolidWorks files to CAM up the mold and machine it on one of
their CNC machines. They did a very good job machining it and produced the part with excellent surface
finish. The mold was at the maximum length that the CNC machines at Cal Poly could do so in the future
when the mold is full length, the mold will need to be made in sections or made on a large CNC machine.
After the mold was machined, all the burrs were taken off and the ends of the mold were rounded. This
rounding was needed in order to reduce the localized stress that the vacuum bag would feel from the
corners of the mold. The plastic rails were cut and beveled on a woodworking table saw. The beveling
on the rails is necessary in order to reduce the wear and tear on the vacuum bag. After the rails were
made, they were glued to the top of the steel table.
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The construction of the mold was the largest and most labor intensive part of the manufacturing
process. After it was made, all that was left was to assemble the machine. The first thing that was
assembled was the framing that supported the steel table. The frame was made out of 8020 framing
material that was supplied by Quatro. Casters were added to the bottom of each of the legs in order to
make the machine easy to move. Each leg was tapped to accept the casters. The steel table top was set
on top of the frame after it was assembled and was not fastened to the frame in any way. It would be
possible to fasten the two parts in the future but it was not initially to make it easier to disassemble
when it is shipped down to Quatro.
The silicon vacuum bag, donated by the manufacturer Torr Technologies, was trimmed to the
size of the lid and glued onto the steel lid using an epoxy supplied by Quatro. A special seal was then
glued on top to the vacuum bag to seal the system when the vacuum is applied. This seal is also
manufactured by Torr Technologies and supplied by Quatro. Holes were then drilled into one side of the
lid to accept bolts for fastening on the hinges. The hinges were supplied by Quatro and were specially
designed to work with the 8020 framing system. The hinges where then attached to the 8020 framing
using T bolts. Two more modifications that were made to the lid was the addition of two chains to
support the lid when it is open and two latches that hold the lid closed before the vacuum is applied.
The heating element was supplied by Quatro and it was hung between two posts of 8020 above
the work area. Two eye-bolts were screwed into the top of the two posts and a short length of wire was
looped around each eye-bolt in order make clipping a carabineer into it easier. Two carabineers were
used, one on either end of the heater, to clip the heater to the supports. These carabineers were also
used to clip the heater to two mounting points below the surface of the table when the heater was not
in use. The amount of heat that the lamp outputs is measured with a thermocouple and the display for
the thermocouple is mounted to one of the horizontal cross members using T bolts.
The pillow presses were laid on top of a wood spacer block in the bottom of the steel trough and
a hole was drilled in one end of the trough for the through bulkhead fitting. The through bulkhead
fitting permits the air pressure hoses that powers the pillow presses to pass through the wall of the
trough. The two pillow presses were connected to the bulkhead fitting through a Y-fitting in the air line.
Outside the steel trough, the air pressure line is connected to a pressure regulator that takes shop air
pressure at 120 psi and reduces it to the desired pressure. The pressure regulator is mounted to a block
of wood and the vacuum regulator is mounted above that. The entire gauge assemble was mounted to
the post that supports the heating element. The vacuum regulator is connected to the table using a
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flexible steel tube. The end connected to the table is tapped and threaded onto the table with an
additional nut screwed onto it to take the strain of the hose. Silicon sealant was used liberally around
the joint to ensure that the joint is air tight. A square of breather cloth was folded about the vacuum
intake to prevent the vacuum bag from creating a seal against the intake and preventing the air from
being evacuated from the system.
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How it Works
Since this project includes a procedure along with a machine this section was included so the
reader can fully understand how the machine runs. The steps listed below give a short description as to
how to most optimally operate the device. Before operating the device it is required that the user has
read the safety requirements outlined in Appendix-XVII

Step 1. Heating: The part is
heated to 120°F using an infrared heater
allowing the individual layers to slide
smoothly against one another (See Figure
27.). A thermocouple underneath the part
measures temperature which can be read
on a display attached to the frame.
Temperature has the ability to be

Figure 27. Watlow
temp. controller and
display

controlled by a Watlow temperature controller and relay

Figure 26. Infrared heater heating up part.

switch, which is also attached to the frame. The display and
Watlow temperature controller can be seen in Figure 28.

Step 2. Applying Vacuum Pressure: After heating
is completed the heater is removed and stowed underneath the
table. The lid is then latched down and air is sucked out through
the use of a vacuum. This serves to de-bulk the layup and
prepare it for forming. A gauge on the side of the frame display
the vacuum pressure and a bleeder valve can help regulate the
vacuum pressure if need be. Forming was successfully able to
occur at 13 psi although a vacuum pressure closer to
Figure 28. System under near 13 psi of vacuum
pressure

atmospheric pressure is recommended.

Step 3. Forming the Part: The mold is lifted up through the use of airpillows (See Figure 30) that inflate to between 40 and 60 psi. Air pressure can be read
on a gauge mounted on the side of the frame by below the vacuum gauge. The user
must watch this gauge closely as overinflating the air-pillows can cause injury as they can
very easily break the bond between the rails and the table. As the mold rises it pushes
Figure 29. Fire hoses that act as airpillows to raise the mold

37

the sliding tables away as the immense force supplied by the air-pillows is able to overcome the friction
the tables feel from the top and bottom. This rising of the mold
coupled with the vacuum pressure effectively forms the part.

Figure 30. Mold rising
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Conclusions and Recommendations
The machine was able to form parts far beyond the thickness required with minimal void
content and buckling. By combining the benefits of heating, a dynamic S-shape forming process, and the
large pressures of a vacuum table, the completed prototype demonstrates a machine capable of
automating and overcoming the difficulties of drape forming multiple pre-preg sheets at once.
The trapezoidal profile shape with sides at 20 degrees (see Appendix XIV) was used in the final
design and it is expected that profiles with vertical (0 degree) sides will be within the machine’s
capabilities. For sides in the ranges of 0-20 degrees it can be said that a larger horizontal and smaller
vertical force is being applied to the sides of the sliding plates, allowing them to overcome friction. In
the case of vertical sides, the plates will remain stationary as the mold lifts. However, profiles with sides
at greater angles will place a larger upward force on the plate edges than what has been tested. This will
cause unknown frictional effects on the sliding plate feature of the machine. Caution should be taken if
using a mold with sides greater than 20 degrees, though it was not the intention of this project to create
a machine capable of much more than 20 degree sides.
The process also can accommodate parts of longer lengths if need be. The table, lid frame,
trough, mold, heating element, and pillow presses can all be lengthened to make parts up to 8 feet.
Construction of the table and trough will prove more difficult due to the distortion caused by the
welding process. For the 2’ design, small but negligible amounts of distortion can be seen on one of the
corners of the table. Elongating the table will require putting more heat into the steel during the
welding process, increasing the chances of distortion.
Additionally, a longer part would require an extension of the heating system. In future
renditions we hope to include a capability that allows for easy removal of the heating element as the
current process takes two individuals to operate. A swinging arm that the heating element could be
mounted to was considered, but abandoned due to time constraints. It would have a beam that the
element could be mounted to or hung from which would be swung clear of the lid frame after the
heating process was completed. An extension of this concept could accommodate for multiple heating
elements.
One problem we experienced was that once the part was formed, we had to wait for it to
partially cool before removing it from the mold, else risk deformation. The part also would recoil and its
sides would flatten out somewhat after 24 hours or so. Using some a fan to cool off the part before
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removal would help to prevent part deformation upon removal. Placing the part on a temporary mold
and securing its sides would also prevent recoil before the final autoclave process.
The machine’s controls offer untested flexibility during the heating and forming process. The
temperature control system can be implemented to refine the heating process. The cables suspending
the infrared heater from the frame can be lengthened or shortened to improve even heat distribution.
The bleeder valve and pressure regulator can also be utilized to achieve close to a full vacuum and up to
120 psi during the forming process, though only half vacuum proved effective during testing.
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Appendix-I
Gantt Charts
Fall 2012
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Winter 2013
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Spring 2013
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Appendix-II
QFD Model
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Appendix-III
Team Contract
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Appendix-IV
Management Plan
The management plan is broken up into three individual areas of responsibility that the team will cycle
through on an approximately monthly basis. This will give each group member a chance to develop their
skills in many different areas. The roles were broken up so that each one focuses on an instrumental
part of the project; cost management, group management, and design. These roles are detailed below:
1. Cost-Account manager: Responsible for keeping track of the group’s financials as well as keeping
an up-to-date written ledger detailing all expenditures. Also, this individual should hold the
group fiscally accountable and provide the group manager with a summary of the expenses on a
weekly basis.
2. Group Manager: Responsible for organizing weekly agendas and informing the group about
upcoming deadlines and future goals. They are also responsible for leading the meeting with
sponsors and developing an agenda for those meetings.
3. Lead Engineer: Responsible for making sure the group abides by all design constraints and
requirements. They also must provide the group manager with design and/or test developments
on a weekly basis.
Aside from a specified role all group members must exude certain attributes that we feel are the basis
for a successful team. Below are the group responsibilities that we all will abide by:
1. Group members will conduct themselves in a manner displaying courtesy and respect to the
team and others.
2. Group members will be punctual for all meetings and presentations.
3. Group members will stay on top of assigned projects and other individual responsibilities.
4. Group members will voice conflicts and struggles so the team can address them when they
arise.
To enforce the above guidelines and rules any team member failing to with comply with his individual
and/or group responsibilities will result in the guilty parties’ purchase of pizza and beverages for the rest
of the group. More information regarding the team’s roles and responsibilities can be found in the Team
Contract (See Appendix-C).
Along with their individual tasks and group responsibilities all team members are obligated to keep the
team on schedule with the milestones outlined in the team’s Gantt Chart (See Appendix-A). This chart
was designed to keep the group efficient and on track throughout the year. Dates listed in the Gantt
chart are subject to change as we are still finalizing various parts of the project.
Key upcoming tasks for the group include developing the testing apparatuses required so as to provide
quantitative reasoning behind the idea selection process. Following the results of these tests a
prototype will be constructed of 1-2 of the concepts that are proven to be effective from the testing
data obtained from the vacuum forming and rolling tests.
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Appendix-V
Experimental Planning Worksheet
PROJECT TITLE: Drape Forming Senior Project

The goal of this test is to determine whether or not a trap door type mechanism is necessary to achieve a
minimum amount of bunching, unraveling, and/or shearing of fabric. To do this we will first perform a
standard vacuum bag test at the diagram above illustrates. Then we will add a trapdoor that swings down
from the stringers and repeat the test. The addition of the trapdoor helps to create and “S” curve in the
fabric further reducing bunching and shearing of the innermost fabric layers.
1.

Desired results with required uncertainty
The optimum results would be a minimum amount of bunching, unraveling and/or shearing of fabric in
both the trapdoor and the standard vacuum bag testing methods. This will be determined by visual
inspection under a microscope.

2.

3.

4.

Priority list of measurements to be undertaken
 Does the fabric bunch at the innermost layer?
 Does the fabric unravel?
 Are pockets forming due to the above two issues?
Schedule
 Initial test: Lay-up consisting of uni (0⁰,45⁰) and plain weave (0⁰,45⁰) corresponding to the lay-up
schedule supplied for the part we are designing our device to accommodate.
 Iteration 1: This lay-up consists of exclusively uni (0⁰) in stacks ranging from .1’’ to .3’’ sandwiched
between plain weave (0⁰)
 Iteration 2: This lay-up consists of uni (0⁰, 90⁰) in stacks ranging from .1’’ to .3’’ sandwiched between
plain weave (0⁰)
Expected results
Our initial test should result in a passing grade for both of the standard and trap-door tests ad not only is
the total lay-up relatively thin (.165’’), but it consists of a mixture of plain weave and 45⁰ uni throughout.
By including plain weave and 45⁰ uni throughout the lay-up, the fibers will resist bunching and unraveling
much more.
Where we expect to see some of the bunching occurring is in our testing iterations. With our iterations we
used exclusively uni-directional thread throughout the lay-up. Without the support of the weave layers
the lay-up is much more likely to bunch or unravel. This problem should only occur in our standard testing
method and should be fixed when the trap door is added.
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Appendix-VI
Testing and Idea Selection Process

Figure 31. Testing and Idea Selection Process
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Appendix-VII
Temperature Gradient During Top Down Oven Heating

150

140

Temperature (°F)

130

Top Thermocouple

120

Middle Thermocouple
Bottom Thermocouple
110

100

90
0

200

400

600

800

Time (sec)

50

1000

Appendix-VIII
Proof of Concept Testing Results
Report Date: 3/5/2013

Sponsor: Quarto Comp.

REPORTING ENGINEER:

TEST PLAN
Item
Dimensions
No.
(WxLxT)

1

2

TEST REPORT

Plain (0), Plain (45) x2, Plain
No bunching,
(0), Uni (45), Plain (0), Uni
buckling, or
2''x6''x.165'' (45) x4, Plain (0), Uni (45),
Standard shearing of
Plain (0), Plain (45) x2
fabric layers

TEST RESULTS
Quantity
Test Result
Pass
No buncing,
buckling, or
shearing of fabric
2
layers occurred

Plain (0), Plain (45) x2, Plain
(0), Uni (45), Plain (0), Uni
2''x6''x.165'' (45) x4, Plain (0), Uni (45),
Plain (0), Plain (45) x2

No bunching,
buckling, or
Trapdoor
shearing of
Addition
fabric layers

No buncing,
buckling, or
shearing of fabric
layers occurred

No bunching,
buckling, or
shearing of
Standard
fabric layers

Bunching of fabric
at innermost layer
evident

No bunching,
Trapdoor buckling, or
Addition shearing of
fabric layers
No bunching,
buckling, or
shearing of
Standard
fabric layers

No buncing,
buckling, or
shearing of fabric
layers occurred
Bunching of fabric
at innermost layer
evident

No bunching,
Trapdoor buckling, or
Addition shearing of
fabric layers
No bunching,
buckling, or
shearing of
Standard
fabric layers

No buncing,
buckling, or
shearing of fabric
layers occurred
Bunching of fabric
at innermost layer
evident

No bunching,
Trapdoor buckling, or
Addition shearing of
fabric layers
No bunching,
buckling, or
Standard
shearing of
fabric layers
No bunching,
Trapdoor buckling, or
Addition shearing of
fabric layers
No bunching,
Trapdoor buckling, or
Addition shearing of
fabric layers
No bunching,
buckling, or
Standard
shearing of
fabric layers

No buncing,
buckling, or
shearing of fabric
layers occurred
No buncing,
buckling, or
shearing of fabric
layers occurred
No buncing,
buckling, or
shearing of fabric
layers occurred
No buncing,
buckling, or
shearing of fabric
layers occurred
No buncing,
buckling, or
shearing of fabric
layers occurred

Lay-up

3

1''x5''x.1'

Plain (0), Uni (0) x14, Plain
(0)

4

1''x5''x.1'

Plain (0), Uni (0) x14, Plain
(0)
Plain (0), Uni (0) x34, Plain
(0)

5

1''x5''x.2'

6

1''x5''x.2'

Plain (0), Uni (0) x34, Plain
(0)

Plain (0), Uni (0) x54, Plain
(0)
7

1''x5''x.3'

8

1''x5''x.3'

9

1''x5''x.2'

7

1''x5''x.2'

8

1''x5''x.3'

9

1''x5''x.3'

Plain (0), Uni (0) x54, Plain
(0)

Plain (0), [Uni (90) , Uni (0)]
x17, Plain (0)

Plain (0), Uni (90) x34, Plain
(0)

Plain (0), [Uni (90) , Uni (0)]
x27, Plain (0)

Plain (0), Uni (90) x54, Plain
(0)

Adam Johnson

Testing
Method

Acceptance
Criteria

Total Pass
Total Fail

11
3
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2

Quantity
Fail

NOTES

0
This layup schedule
corresponds to the layup
Quatro initially wanted our
design to support
0

0

1

1

0

0

1

1

0

0

1

1

0

1

0

1

0

1

0

1

0

It was later discovered that
the bunching occured due
to fabric sticking to the
peel ply not because of
the testing method

It was later discovered that
the bunching occured due
to fabric sticking to the
peel ply not because of
the testing method

It was later discovered that
the bunching occured due
to fabric sticking to the
peel ply not because of
the testing method

Appendix-IX
Final Testing Results
Report Date:

6/5/2013

Sponsors: Quatro Composites

REPORTING ENGINEER: Adam Johnson

TEST PLAN
Item
Dimensions
No
(WxLxT)

TEST REPORT
TIMING

Lay-up

Acceptance Criteria

Start date Finish date
No bunching, buckling, or 5/27/2013 5/27/2013
Plain (0), Uni (0)
shearing of fabric layers
x14, Plain (0)

1

6'x9''x.1''

6''x9''x.2''

Plain (0), Uni (0) No bunching, buckling, or 5/27/2013
x34, Plain (0)
shearing of fabric layers

5/272013

2

6''x9''x.3''

Plain (0), Uni (0) No bunching, buckling, or 5/27/2013
x54, Plain (0)
shearing of fabric layers

5/27/2013

3

Plain (0), Uni (0) No bunching, buckling, or 5/28/2013
x44, Plain (0)
shearing of fabric layers

5/28/2013

4

24''x9''x.25''

TEST RESULTS
NOTES
Quantity Quantity
Test Result
Pass
Fail
Bunching of
fabric at
1
0
innermost
Bunching of
fabric at
1
0
innermost
Bunching of
fabric at
1
0
innermost
No buncing,
Actual
buckling, or
dimensions
1
0
shearing of
of final part.
fabric
Total Pass
Total Fail

52

4
0

Appendix-X

Initial Design Concepts
The first design concept discussed is the drape ram. This is the least developed concept because
it was abandoned early in the design process. After some discussion Ply2 and Quatro came to the
conclusion that its forming method would not produce a part that met the minimum engineering
requirements of the project. This report starts with the drape ram concept because it is a good
comparison to current manufacturing methods and is helpful when introducing design challenges. The
spring fingers and vacuum forming concepts are discussed in the following sections in more detail. Both
these designs have a good chance of working and the best one will be chosen by performing tests for
both of them and analyzing their results.

Drape Ram
The drape ram concept uses a
hydraulically driven male mold to compress the
stack of carbon fiber down into a female mold.
This initial design utilized a hydraulically driven
female mold, however, it was pointed out that
this design could result in bunching and voids in
the finished part due to the tips of the female
mold contacting the middle of the overhang first.
Figure 32. Modified drape ram concept open

This would cause the outer most layers to deform and
stretch. To solve this problem spring-loaded hinges
were installed on the base of the female mold to be
deployed when the male mold first contacts it
eliminating this problem. This concept is illustrated in
Figure 24 and Figure 33.
One of the foreseeable problems with
creating a drape forming device is the lack of power.
Bending nearly 15 layers of pre-stacked preFigure 33. Modified drape ram concept closed
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impregnated carbon fiber takes an ample amount of force. The project is also required that the machine
be capable of forming thicker parts. The drape ram has the ability to administer nearly unlimited
amount of force as increasing power to the ram only requires a more powerful hydraulic system.
The drape ram concept is nearly identical to the compression molding process. Thus any design
problems encountered could be easily addressed as there are many resources for the compression
molding processes. The apparatus also has a very low cycle time as loading and unloading each part is
very simple. One only has to lift the male ram and remove the formed part.
When discussing this design, Quatro and Ply2 both agreed that the likelihood of buckling at the
corners of the part was unacceptably high. Additionally, too much pulling forces on the side of the part
could compress the part at its corner. Although the hinges were added to address these problems,
enough of a difference in how pressure would be applied was not made by their inclusion. The drape
ram concept was ultimately abandoned because of its inability to meet the engineering requirements
regarding fabric buckling and compression.
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Mold Design
Most commonly purchased tools used in the formation of composites are created using
aluminum or steel. Steels benefit from an increased lifespan and are easy to cast and weld. Steel has a
higher thermal coefficient of thermal expansion then
most of the carbon fiber parts it’s used to build and
therefore it can end up expanding at higher rates than
the part it is supposed to be forming10. Aluminum, on the
other hand, benefits from being lightweight, having a
much higher thermal conductivity coefficient, and is
easier to machine than steel. Yet, aluminum is a much

Figure 35. Shear pins used to prevent tool shrinkage
damage

softer material then steel and thus can be scratched and dented easily. In the case of this project,
Quatro recommends an aluminum mold as they would prefer a material that is easy to work with and
machine. As both of these materials end up
expanding and contracting at different rates than
the carbon/epoxy part they are being used to create,
it is essential to address this problem before starting
manufacturing. Methods including pre-shrinking, the
use of shear pins, and drafting have been proven to
Figure 34. Draft Used to Prevent Tool Shrinkage Damage

be effective in certain situations at preventing this
problem.

Quatro Composites is experienced with the manufacturing of aluminum molds and has
volunteered to manufacture one for
this project. The design of this mold
is critical, and will affect the design
and subcomponents in the rest of
the machine. A male mold of the
part is ideal for this process because
it provides a more accessible
working area at the corners of the
Figure 36. Extension type considerations

part.
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When considering mold
thickness, both strength and
thermal properties of the mold
must be considered. As shown in
Figure 37, a thicker surface would
provide more structural integrity to
the mold and would allow for cooling fans or heating coils to run the length of the mold. Such a mold
could be made from thicker sheet
Figure 37. Mold thickness considerations

metal or be milled more precisely

by Quatro out of aluminum. However, a thicker mold would have a higher thermal reservoir, and would
take longer to heat and cool. This would negatively affect the total cycle time of the forming process. A
thicker mold would also suck heat from the part quicker, and would make timing more difficult if the hot
plate heating method was used. A thinner surface, such as one made out of thin sheet metal, would add
a small thermal reservoir to the system. However thinner designs might have to be supported by ribs,
which would interfere with the air flow from cooling fans or the internal heating coils. Mold thickness
must be chosen with the consideration of these consequences. Since the temperatures of the forming
process are relatively low, wood is also being considered as a mold material. Wood is a good insulator
and it would not absorb heat from the pre-preg stack.
Figure 25 shows three options for extending the bottom of the mold cross sections. Different
mold extensions are considered because of the
next steps taken in the part manufacturing
process. After the part is formed and cooled, it
will be folded once again at its bottom, and
placed in another mold in the autoclave. The
perpendicular or tucked extensions would
provide a crease line to more accurately
perform this step. However, if this is not an
additional feature requested by Quatro then a

Figure 38. Lay-up clamp on mold concept

simple skirt extension will suffice. It should also be
noted that the tuck design will make it difficult to remove the part from the mold vertically.
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One issue that might be encountered occurs at the start of the forming process when the layup
is first lifted and rolled. If there is any non-uniformity with the first contact points, the layup may
become misaligned with the mold. This error could propagate along its length and ruin the part. To
avoid this, and to ensure that uneven forces on the sides of the layup don’t affect its position with
respect to the mold, a clamp can be deployed along the top of the mold. Figure 38 demonstrates how a
beam might be bent, hinged on one end, and then held in stress to the mold and layup (shown in
purple). This issue was also discussed in the vacuum forming concept and addressed with the metal
plate modification.
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Spring Fingers
Figure 26 demonstrates the concept of what can
be called a shear stress follower. This concept involves
the path and method with which the layup is formed over
the mold. Sequence #1 of Figure 26 shows the cross
section of the part placed on top of the mold. Sequences
#2-4 show the part being smoothly rolled down the side
of the part. Note how the unformed ends of the part
remain horizontal. The purpose of this is to bend the part
such that only a small amount of slippage is required at
once. With the method demonstrated in Figure 39,
slippage (and consequential shear stress) only occurs near
where the part touches the green follower.
Figure 40 demonstrates the moving concepts of
the spring finger design. On the left, the initial loading
position is shown. The layup is placed on top of a mold
Figure 39. Shear stress follower concept

and supported on its sides by stationary tables. As the

mold is lifted, it pulls the layup up with it. This compresses the springs and rolls the layup between the
side of the mold and rolling pin at the ends of the spring fingers.

Figure 40. Spring finger concept cross section in initial and completed positions
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Figure 41 is a representation of a frame
block, shown in blue, which might be attached to
additional blocks to make the final machine. There
are two main reasons for the use of these blocks.
The first reason is so that the prototype machine
which makes a 2 foot part might be extended to
make an 8 foot part. It is expected that each block
might be a little over 1 foot. Therefore, the
prototype machine will be made of 2 blocks while
the final machine will be made of approximately 7.
The second reason is to provide a structure onto
Figure 41. Spring finger frame block

which the middle holding plates might be attached

along the length of the part. More about why this is necessary will be discussed along with Figure 45. In
addition to the rectangular frame, each block would contain and support two tables on which the layup
is initially placed and 4 or 2 holding plates to which the fingers are mounted. For example, if the
machine has 2 blocks, then 6 holding plates would be required. But if the machine has 7 blocks, 16
holding plates would be required.
Figure 42 shows the corner section of a block frame.
An initial design suggestion is to use a 1 inch steel L-beam as
the frame structure. This material is affordable and easy to
machine. Since it is easy to cut and drill into, mounting plates
and parts to the frame should be relatively easy. It should also
be strong enough to handle the forces of the springs and lifted
Figure 42. Spring finger L-beam frame corner
section

mold, though additional calculations will be required.
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Figure 43 shows how the holding
plates might be attached to each frame block.
For design and testing flexibility, the frame
holes would be standard distances apart so
that another plate might be attached to form
a different part. The holding plate can be most
nearly any shape (this curved shape was
arbitrarily drawn) so long as it supports the
fingers and can be mounted to the frame.
Also, the fingers can be mounted at any
location and at any orientation on the plate.
The plate and fingers must not interfere with
the lifting path of the mold.
Figure 43. Holding plate mounting points

Figure 44 demonstrates the motion
of the spring fingers. The fingers will be
mounted to the holding plate at two points.
The path of the roller shall be determined by
the movement and geometry of the mold
and part. A finger angle of 20 degrees will be
tested initially (perpendicular to the side of
the mold) but additional angles will be
investigated during testing. Further
investigation and discussion with Quatro
must occur to consider the path of roller for
parts with different side profiles.

Figure 44. Motion of spring fingers
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To ensure
uniform pressure on
the part along the
length of the rollers,
the rollers must be
sequentially
supported. Without
enough sequential
supports the roller will

Figure 45. Methods for roller support

deflect and pressure
won’t be applied evenly. Additional supports will be required at the frame block ends which are
attached to each other. (IE: 2 blocks will have 1 supporting pair of roller support springs, 7 blocks will
have 6) Figure 45 demonstrates three design solutions for sequentially supporting the roller at the
spring fingers. The pusher and sheath designs will allow for one roller to run the length of the part. The
bearing design, which might control the roller path better, will require one roller section per frame
block. Also, because the outside of the bearing is mounted to the spring fingers, it will remain static and
won’t roll down the side of the part. This may disrupt the uniformity of the outside money layer.
Another feature to design
is the mold lift, which must lift the
mold up between the tables. It
must lift the weight of the mold
and resist downward spring forces
caused by the spring fingers. It
must also keep the mold level at all
times. A system with hydraulic
Figure 46. Fire hose lift concept

cylinders was initially considered,

however the use of hydraulics was discouraged by Quatro in their cleanroom. One solution, shown in
Figure 46 demonstrates one method of lifting the mold. The lifting force to the bottom of the mold is
provided by an inflating fire hose, or air pillow. The mold is kept straight by rolling along tracks mounted
to the ends of the machine. Another option might use a jack screw at each end of the mold, which turn
and lift it.

61

Vacuum Forming
The third concept is Vacuum Forming. This design was inspired by the methods that a company
called Laminate Technologies uses. Quatro already uses a vacuum press for making wings for their UAV,
among other parts. This concept is simple to make because it does not have many moving parts, and
does not require any complex mechanical systems or associated electronic controllers. Figure 47 shows
what the vacuum forming machine would look like. It is composed of two metal frames which are
hinged on one side with latches on the opposite side. The mold and two stringers, one on either side of
the mold, are attached to a base board that is attached to the bottom metal frame. The top metal frame
has a flexible vacuum bag stretched across it. The vacuum bag can stretch up to 500% of its original
length and conforms to the shape of the mold. The two stringers on either side of the mold are
necessary to control how the vacuum bag is applied to the mold. If the stringers were not there, the
vacuum bag would pull on edges of the part first, potentially crushing and deforming the plies. The two
stringers force the vacuum bag to start pull on part midway between the mold and the stringer. This
process is seen in Figure 50 and Figure 49. The two stringers allow more control over how the vacuum
bag applies pressure to and forms the part.

Figure 47. Vacuum forming concept
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Figure 50. Vacuum forming, Stage 1

Figure 49. Vacuum forming, Stage 2

Figure 48. Vacuum forming, Stage 3

The molding process of the vacuum forming concept can be broken up into three stages. In the
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first stage, as seen in Figure 50, heat is applied until the part reaches 150°F. This is the temperature that
Quatro Composites recommends for forming the part. The vacuum bag is sealed at this time but no
vacuum is applied. The next stage shown in Figure 49 demonstrates the system under a partial vacuum.
Heat is still being applied throughout this stage until the part is fully formed. Once all the air is
evacuated from the part and the part fully conforms to the mold, the heat is turned off. Stage three,
seen in Error! Not a valid bookmark self-reference., shows the part, still under full vacuum, in its cool
down stage. To shorten the cool down time and overall cycle time, air can be forced through the interior
of the mold. Once the part reaches the ambient air temperature, the vacuum is released and the part is
removed from the mold. It is important take into consideration the length of time the part is at an
elevated temperature because the resin system that Quatro is using cures at 250°F for an hour and the
forming process needs to minimize the amount of time the part is curing.
The proposed concept will use a combination of internal heating coils and external heating
lamps to rapidly heat the stack of pre-preg to its required temperature. The mold will be made out of
sheet metal for ease of manufacturability and to reduce the thermal capacity of the mold. The hollow
mold also permits forced air cooling of the mold. The part must be at ambient temperature before it is
removed and forcing air through the mold would shorten the cool down time. A reversible heat pump
was initially considered to heat up and cool down the mold, but it would require a working fluid like R134a, which Quatro does not want in their clean room.
This concept has numerous advantages and few drawbacks. The machine is very easy to
construct as it has no moving parts. The materials required for its construction are easy to find and the
only unique material that it uses is its stretchable vacuum bag. The type of vacuum bag that the machine
will use is called Stretchlon, sold by Airtech. The bag can stretch up to 500% its original length and
withstand temperatures up to 385°F, which is more than enough as the part cures at 250°F. Another
advantage of this system is Quatro already has experience using vacuum presses and they would not
require any additional training to operate the machine. This design is also extendable as there are no
moving parts and it is made out of easily attainable materials. It is also easy to load the stack of pre-preg
into the system, depending on how the heating system is set up. It would be more difficult to load the
part if the heating element was directly over the table – the heating element would need to be moved
every time the part is placed in the machine. One disadvantage of the system is the amount of pressure
that can be applied over the part is limited by atmospheric pressure. Another problem is the movement
of the bag is hard to control and it might deform the plies as the vacuum bag is applied.
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A few modifications can be made to
the vacuum forming design to improve it and
address potential problems. One area of
concern during vacuum forming is the uneven
distribution of shear stress throughout the
layers of the part as the pressure is applied.
One modification to evenly distribute the shear

Figure 51. Metal plate modification

stress is to lay a metal plate over the top of the plies, as seen in Figure 51. The metal plates would sit on
top of the breather cloth with an additional layer of breather cloth in order to prevent the metal plates
from indenting the part. The plates would also prevent distortion in the money ply, which is the outer
most layer of pre-preg and the one that the customer sees.
Another modification to reduce
the chance of buckling is to attach trap
doors to the inside corners of the
stringers, as shown in Figure 52. The trap
doors would lay flat when the vacuum is
not applied, supporting the sides of the
part that overhang from the mold. As the
vacuum is applied and the elastic vacuum

Figure 52. Trap door modification

bag stretches to form the part, the trap
doors which are supported by spring loaded hinges, will collapse. While they collapse, they will support
the overhanging sides of the part for the majority of the forming process. This will reduce the chances of
buckling at the corners of the part by creating another solution to the shear stress follower concept,
shown in Figure 39.
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Appendix-XI
Fire hose Pillow Press
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22
23
24
25
26
27
28

21

5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Vacuum Setup
Vacuum Regulator
Vacuum Gauge
Supplies for CNC Machinest
Aluminum sheet
Steel Dowel Pins
Lid Frame Hinges

Wheels

Welding of Flanges and Trough
Lid Frame For Vacuum Bag
Mold
Mold
Smooth T-slotted Framing
Joining Plate
Inside corner bracket
Inside corner gusset
Hex Nuts
Washers
Teflon One Coat
Silicone Sealant
RTV Vacuum Bag Adhesive
1200 Primer
Silicone Seal Extrusion
Hinge Mount T-Nuts
Lid Frame Latches
Infrared Heater
Pillow press
Vacuum bag

Flanges and Trough

1

2
3
4

Name/Title

Item
No.

1/8 NPT Female, 0-30" Hg Vacuum
ABS Case, 1-1/2" Dial, 1/8 Bottom, 30" Hg-0
Supplies used by the machiest to CNC mold
3/4" Thick X 8" Wide X 1' Length
1/2" Diameter, 1" Length, Packs of 10
U-Bolt, 720 lb Maximum Holding Capacity, Steel

120 V, 750 W, 19" Length
Fire hose with fittings
silicone bag
Steelex D2614 3-Inch 150-Pound Threaded Swivel Double
Lock Polyurethane Plate Caster

180"
5/16-18 Thread 0.75" Lg.

300 sq.in.

Weld time for flamges and trough
28*48" rectangle of 2x2"
Slippery UHMW Polyethylene 2.5x12x36"
Slippery UHMW Polyethylene 2x3x36"
80/20 20 SERIES 20-2020 20mm X 20mm 1220mm
80/20 10 Series 4151 5-HOLE 90 DEGREE
80/20 10 Series 4108 2-HOLE
80/20 10 Series 4132 2-HOLE
5/16-18 Thread
5/16 Hole Size

.250'' A36 steel plate

Part Description
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included in item 7
included in item 7

included in item 35
included in item 36

Keeper, surface mount
-

10.1 oz cartridge
10.1 oz cartridge
1 oz bottle
0.5*0.5*12" (per ft.)

2*2" tubes
bottom 2/3's
top 1/3
2020 series

sheared to spec
dimentions

Order Description

5071A52

41585K43
3935K11

D2614

872050
3455
886205
1737K12
424-164-26

6527K244 6ft
8752K332
8702K146 3ft
20-2020
4151
4108
4132
3214
3260
954G-303
7545A452

Order/Part
Number

McMaster
McMaster
McMaster

McMaster
McMaster

Steelx

K. Kroll
McMaster
McMaster
McMaster
80/20
80/20
80/20
80/20
80/20
80/20
Intech
Mcmaster
Torr
Torr
Torr
80/20
Torr
McMaster
Merriman

K. Kroll

Supplier

1
1
1
1
1
10
2

1

1
1
1
1
1
1
1
1
40
40
1
1
1
1
1
4
2
1
1
1

1

1
1
1
1
1
1
2

4

8
2
1
1
12
4
9
7
40
40
1
1
1
1
16
4
2
1
2
1

1

$
$
$
$
$
$
$

$

77.93
56.70
11.30
53.91
43.31
10.60
16.40

8.46

$ 95.00
$ 42.07
$ 206.25
$ 95.40
$ 9.67
$ 6.30
$ 2.75
$ 3.95
$ 0.07
$ 0.09
noreply
$ 9.48
$ 14.40
$ 23.80
$ 3.45
$ 0.50
$ 11.35
$ 194.58
$ 150.00
$ 585.00

$ 224.70

Part Order
Unit Cost
Qty. Qty.
Tax

$ 4.83
6.29 $ 4.05
5.24 $ 2.46

-

-

$
$
$

-

-

5.10

Shipping
Cost

33.84

9.48
14.40
23.80
55.20
2.00
22.70
194.58
300.00
585.00

760.00
84.14
206.25
95.40
116.04
25.20
24.75
27.65
2.80
3.60

224.70

$
87.86
$
56.70
$
11.30
$
64.25
$
43.31
$
10.60
$
40.50
$ 3,126.05

$

$
$
$
$
$
$
$
$
$

$
$
$
$
$
$
$
$
$
$

$

Total Cost

Appendix-XII

Cost Analysis

Appendix-XIII
Infrared Heater
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Appendix-XIV
Part Drawings
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Appendix-XV
Rob’s Design Concept Sketch
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Appendix-XVI
Micrograph Photos
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Appendix-XVII
Safety Considerations
Item
No.

Potential Safety Hazard

Solution

1

Infrared heater burning user’s hand
during movement.

Unclip the heater at both ends at
the same time and avoid touching
metal housing.

2

Overinflating pillow presses could cause
mold to break off sliding tables and
puncture vacuum bag causing injury to
user.

Don’t inflate pillow presses above
60 psi. Also, remove air from pillow
presses before releasing vacuum
pressure.

3

Lid pinching user’s hands.

4

Cart rolling during operation.

5

Unsecured vacuum or pressure lines
flying around and hurting someone.

Make sure everyone’s hands are
clear before latching down lid.
Lock all wheels before operation.
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Ensure all vacuum and pressure
connections are securely fastened
before operation.

Appendix-XVIII
Customer Specifications Achieved
Customer Requirement

Achieved

Missed

Trapezoidal Shape



The apparatus can form the
trapezoidal shape required by
Quatro.

Part Lay-up



Can form parts up to .3’’ thick.

Scalable



Adaptable



Achieve minimum voids



Can be scalable to parts of longer
lengths.
The machine can form trapezoidal
pieces of varying thicknesses and
lengths.
The machine forms parts of minimal
void content.

Achieve minimum
bunching



The machine forms parts with
minimal bunching of fabric.



Achieve minimum
unraveling of fabric



The machine forms parts with
minimal unraveling of fabric.



Safe to operate





Simple operation
requirements



When operated using the correct
safety measures the machine is very
safe to operate.
The machine can be operated easily
with just two individuals.

Requires minimal
maintenance





The device cannot form parts
of varying shape.





The table and frame is fabricated out
of steel and aluminum and thus
should require minimal maintenance.


Cost
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The entire system was more
expensive then the target
$2000 price point.
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